Abstract: Supermolecular complexes formed by oligophenyleneethynylene derivatives and isophthalic acid were studied using AM1 method to obtain binding energy. Electronic spectra and IR spectra of the complexes were calculated by INDO/CIS and AM1 methods based on AM1 geometries. Results indicated that the dimer could be formed by the monomers via hydrogen bonding because of the negative binding energy. Binding energy of the complexes was affected by electronegativity and steric effects of the substituents. The first UV absorptions and IR frequencies of N-H bonds of the complexes were both red-shifted compared with those of the monomers. The complexes could bind small molecules via hydrogen bonds, resulting in the change in UV absorptions and an increase in IR frequencies of N-H bonds.
Introduction
Research on the hydrogen-bonded assembly has brought out a multitude of new materials for the advanced scientific and technological realm [1] [2] [3] [4] [5] . Hydrogen bonding is particularly significant to the study on the molecular recognition in the living organism [6, 7] . Hence, an increase in interest by scientists in hydrogen bonding was aroused [8] [9] [10] . Koevoets et al. [1] discovered that two bisurea units in thermoplastic man-made rubber could bind each other at a certain distance, and the mechanical character of rubber would be changed relative to the degree of hydrogen bonding self-assembly. Beijer et al. [2] characterized the stability of quadruple hydrogen-bonded self-assembly complexes by measuring an association constant. They considered that the complex with the arrangement of A(acceptor)AD(donor)D-DDAA was more stable than that of ADAD-DADA. Schmuck et al. [3] synthesized a quadruple hydrogen-bonded complex with the ADAD arrangement through an acylating reaction, and tested the crystal structure of the complex. Bielawski et al. [4] prepared the hydrogen-bonding complex formed by oligophenyleneethynylene and isophthalic acid, and studied the effects of different polar solvents upon association constants. Dreyer et al. [5] researched into the hydrogen bonding interaction of the dimer formed by two acetic acid molecules using density function theory, in addition to the different vibrating and coupling mechanisms via IR spectra. Inouye et al. [6] proved that the multi-pyridine macrocyclic acceptor could recognize a furan nucleotide via hydrogen bonds, and determined the stabilization constant as well as thermodynamic parameters. The strength of the intra-molecular hydrogen bond and stability of oligomers formed by inter-molecular hydrogen bonds were discussed by Rush et al. [7] . Recent research indicated that the hydrogen bonds formed by nitrobenzene in the reduced state in the presence of arylureas could be broken down in the oxidized state so that a fast redox molecular "On-off" switching was made [8] . Some organic compounds forming hydrogen bonds often exhibited different hydrogen networks in crystals because of their characteristic structures [9] . The hydrogen bonding interaction between proteins was also simulated theoretically [10] .
Although many experimental and theoretical studies on hydrogen bonding were reported, there have been only a few reports on the complex formed by oligophenyleneethynylene and isophthalic acid. The chemoselectivity of the complex was determined by the rigidity of oligophenyleneethynylene skeleton and matching effect of isophthalic acid with it. Intramolecular hydrogen bonds unfavorable to the assembly were precluded because of the existence of intermolecular hydrogen bonds. This aggregate can be used as molecular strands induced by the template [11] . In order to understand the strength of the intermolecular hydrogen bonding and electronic property of the complex, the structure and the spectra for the complex were explored by the semi-empirical AM1 and INDO/CIS methods on the basis of the synthetic experiment [4] . Influences of the steric position and electron-donating capacity for substituting groups of the monomer on binding energies and spectroscopic characteristics were investigated. Binding affinities of the complex to small polar molecules were discussed, leading to the prediction for another application for the aggregate.
Research approach
Binding energy ΔE was equal to the difference between total energy of a complex and the energy of each species [12] [13] [14] [15] [16] . Based on the initial input of the dimer (complex 1) formed by the oligophenyleneethynylene derivative and isophthalic acid via hydrogen bonds, ge-ometry optimization for the monomers and complex was first performed using the AM1 method to achieve binding energy of the complex. Although PM3 method was an effective methodology to treat hydrogen bonding, AM1 method was selected here in view of the calculated results for the binding affinities of 18-crown-6 to aniline and monosaccharides [17] . Complexes 2-8 were produced by changing substituents and the position of the substituting group on monomer A. Complexes 9-12 were designed by replacing different small molecules in the center of complex 1 as shown in Fig. 1 . These complexes were also optimized with the AM1 method. Based on the AM1 optimized geometries, electronic spectra of the complexes were computed employing INDO/CIS method as in ZINDO program without any parameter adjustments [18] [19] [20] [21] [22] . 197 configurations including the ground state were states generated by exciting electrons from the 14 highest occupied molecular orbitals (HOMO) into the 14 lowest unoccupied molecular orbitals (LUMO). From the calculated wavelengths λ and oscillator strength f, the electronic spectra could be estimated. Finally, IR frequencies and intensities of the complexes were calculated utilizing the AM1 method [23, 24] in GAUSSIAN 03 program [25] .
Complex 9: H 2 O in the center of (A+B); Complex 10: CH 3 OH in the center of (A+B); Complex 11: CH 3 CH 2 OH in the center of (A+B); Complex 12: CH 3 OCH 3 in the center of (A+B); 
Results and discussion

Configurations and stabilities
Binding energy ΔE for the complexes are shown in Table 1 . The value of Δ E for complex 1 was 0.3627 eV, basically consistent with the calculated values of 0.2540 [14] and 0.2644 [15] eV. According to previous reports [24, 26] , basis set superposition errors (BSSE) for most of the hydrogen-bonded complexes were less than 10.29% [26] , 1.75% and 1.31% [24] , for B3LYP/6-311G*, RHF/3-21G and RHF/6-31G (d) levels, respectively. The values of ΔE for complexes 2, 3, 4 and 5, in which -NH 2 was added to different locations on monomer A, were progressively increased. However, they were all smaller than that of complex 1. The existence of -NH 2 resulted in the complicated chemical environment of H (25) and N(1), where the electron density could not be simply described by the effect of the ortho, meta-and para-positions. Monomer A was not only the proton donor, but also the proton acceptor; therefore, ΔE for complexes 2, 3, 4 and 5 were a result from the comprehensive effect of the double hydrogen bonding.
ΔE of complexes 5, 6 and 7 were accelerated gradually, illustrating that the electrondonating capacity of the substituents became stronger and hydrogen bonds were easily formed as the hydrogen atoms on -NH 2 were substituted by -CH 3 . Δ E for complex 8 was bigger than those of complexes 2-5, which was aroused by the formation of hydrogen bonds between two hydrogen atoms of -NH 2 substituting R 5 on monomer A in the cavum of complex 8, and O(43) and O(44) on monomer B. These two O. . . H bond lengths were both 0.3120 nm, compatible with the bond length of the hydrogen bonding calculated by Jin et al. [14] .
The lengths of the hydrogen bonding in the complexes varied with the change of the monomer and the environment. The bond lengths between H(33) and O(42), H(48) and N (22) , H (25) and O(45), and H(46) and N(1) in complex 1 were 0.2180, 0.2220, 0.2170 and 0.2370 nm, respectively. It could be seen that the O. . . H hydrogen bond was more powerful than the N. . . H bond, and these lengths of O. . . H hydrogen bond were in accordance with 0.2177 nm in the H 2 O 2 -H 2 O complex calculated by Du et al. using the HF/6-311G* method [27] . It could be concluded that complex 1 was formed by monomers A and B via hydrogen bonding. The lengths of hydrogen bonds in other complexes were between 0.20 and 0.28 nm.
ΔE of complexes 9-12 were the outcome of their energies minus the total energies of complex 1 and the small guest molecules [12] [13] [14] [15] [16] , respectively. As the water molecule was put into the cavum of complex 1 to form complex 9, the lengths of the hydrogen bonds were elongated. The distances between H(33) and O(42), H(48) and N(22), H (25) and O(45), and H(46) and N(1) were 0.2390, 0.2440, 0.2190 and 0.2440 nm, basically agreeable with the XRD experimental results in organic conductors determined by Morita et al. [28] . It was illustrated that the cavum of complex 1 was enlarged in order to contain small molecules. At the same time, two new hydrogen bonds with the bond lengths of 0.2560 and 0.2170 nm were formed between the oxygen atom in water and H(47) as well as another hydrogen atom substituting R 5 on monomer A in complex 9. While those between the two hydrogen atoms in water and O(43), O(44) on monomer B were 0.2306 and 0.2226 nm. Thereby complex 9 was formed by the multi-point combination of complex 1 with H 2 O via hydrogen bonding, and binding energy of complex 9 was in agreement with those in the references [14, 15] . Binding energies of complexes 10, 11 and 12 were smaller than that of complex 9, related to the orientation of the small molecules in the cavum. The carbon atom in the guest molecule was located at the plane of the complex, while the hydroxyl group was out of the plane of the complex, leading to the longer distance between the atom O on the hydroxyl group and the atom H on the host in the plane. On the other hand, ΔE for complexes 9-12 were decreased little by little as a result of the decreasing polarities of the small guest molecules inside. It was demonstrated that complex 1 could bind the small polar molecules. The stronger polarity of the guest molecule inside led to a more powerful binding affinity for complex 1 to it.
Electronic structure
LUMO-HOMO energy gaps of monomers A and B, and complexes 1-12 are shown in Fig. 2 . The energy data of HOMO and LUMO in monomer A were -8.608 and -0.655 eV, and the energy gap was 7.953 eV. The energies of HOMO and LUMO in monomer B were -10.517 and -0.958 eV, and the energy gap was 9.559 eV. In complex 1, the energy data of HOMO and LUMO were changed to -8.612 and -0.767 eV, and the energy gap became 7.845 eV. It was demonstrated that the properties of frontier orbitals in complex 1 were changed thanks to the hydrogen bonding between monomers A and B, which reduced the energy gap of complex 1 to some degree.
The dipole moment of complex 1 was 0.382 Debyes, much bigger than those of monomers A and B (0.092 and 0.037 Debyes), displaying that the centers of the positive and negative charges were more scattered with the formation of the complex. The effective electron-donating nature of -NH 2 led to the greater dipole moment (1.479, 3.029, 3.457 Debyes) of complexes 2, 3 and 4. The net charges of monomers A and B in complex 1 were 0.0013 and -0.0013, showing that the electrons were transferred from monomer A to monomer B. In complexes 2 and 3, more electrons were transmitted from A to B according to the net charges (0.0032 and 0.0019) of monomer A in complexes 2 and 3 because of the existence of -NH 2 on monomer A. The dipole moments of complexes 9, 10 and 11 were 2.015, 1.524 and 1.995 Debyes, distinctively greater than that of complex 1, indicating that the charges were rearranged after the small polar molecules were inserted. The net charges of guest molecules H 2 O, CH 3 OH and C 2 H 5 OH in complexes 9, 10 and 11 were 0.0007, 0.0017 and 0.0005, demonstrating the participation of the polar guest molecules in the process of charge transfer. 
Electronic absorption spectra
Electronic spectra of complexes 1, 7, 9 and 12 are shown in Fig. 3 . The strongest absorption peak of monomer A appeared at 299.1 nm, in harmony with the value reported by Inouye [6] . Most of the absorption peaks of complex 1 emerged in the ultraviolet visible range, and the first absorption peak as well as the strongest peak was located at 317.8 nm. The first absorption of complex 1 was red-shifted in contrast to those of monomers A and B owing to its less LUMO-HOMO energy gap.
It was illustrated from Table 2 and Fig. 3 that the first absorptions (318.3, 318.3 and 317.2 nm) of complexes 5, 6 and 7 were little changed, compared with that of complex 1. There was less impact on the first UV peak when the atom H on -NH 2 in monomer A was replaced by the methyl group because the substitution of the methyl owed little effect on the energy gap of the complex. The first absorption of complex 2 was calculated at 326.6 nm, which was mainly generated by the electronic transition from the occupied orbital (91) to the virtual orbital (95). The first absorption peaks of complexes 2, 4, 8 located at 326.6, 344.7 and 346.3 nm were red-shifted, while the first peak 315.1 nm of complex 3 was blue-shifted, relative to that of complex 1. The result showed that the different locations of -NH 2 on monomer A had a greater effect on the first ultraviolet absorption of the complexes. The first apexes of complexes 9, 10, 11, 12 were computed to be 316.0, 317.3, 315.5 and 316.0 nm, blue-shifted compared with that of complex 1, indicating that the hydrogen bonding in complex 1 was diminished owing to the insertion of small molecules to the cavum. to that of complex 1. It was showed that the cavum of the hydrogen-bonded complex was enlarged owing to the incorporation of the guest molecules. As a result, the hydrogen bonding was lessened and the stretching vibrations of N-H and O-H bonds on monomers A and B were amplified. The larger steric effect of the guest molecules would result in the greater expansion of the cavum, thus lessening the hydrogen bonding. 
Conclusion
As stated above, the multi-point acceptor of the oligophenyleneethynylene derivative could bind isophthalic acid to form a complex via hydrogen bonding. The binding energy of the complex was changed with the change of substituting groups and the locations for the substituents on the monomer. Furthermore, this hydrogen-bonded assembly could bind the small polar guest molecules in the cavum by hydrogen bonding. The first absorptions in the electronic spectra of the complexes were red-shifted due to their lower LUMO-HOMO energy gaps, compared with that of the monomers. Stretching vibration of N-H or O-H bonds on monomers A and B were abated owing to the formation of the hydrogen bonding. The hydrogen bonding in the complex was weakened by the insertion of small guest molecules, which led to the blue-shift of the first UV absorption and the increase of IR frequency of the N-H bonds.
